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Introduction
Biomass, plant-based materials collected by humans which are not used for food or animal feed, have historically been waste material or used as a form of energy source, especially in the form of wood. So, over the past number of years, biomass has become an important part of the fuel mix for fossil fuel power plants, and its use is projected to grow significantly [1] .
Torrefied biomass, a product of biomass pyrolysis, is a possible replacement for coal, as it could integrate into existing coal power plants, enabling power plants to generate clean energy without an expensive conversion process [2] . At the same time biochar, charcoal produced from the pyrolysis of biomass, is being used for soil amendment for very acidic soils. Furthermore, carbon remains sequestered in biochar for centuries, so sustainable biochar production allows for atmospheric carbon sequestration. However, there are fire safety issues associated with both biomass and biochar. Both biochar and torrefied biomass are solid biomass pyrolysis products. They are derived from biomass through pyrolysis in a reactor under controlled conditions. Different reactor temperatures produce different pyrolyzed biomass, leading to materials with different properties and reactivities [3] . For reactor temperatures below 350°C, this solid material is called torrefied biomass. For temperatures greater than 350°C, this solid material is called biochar [3] .
Reactive porous media such as wood, biomass, biochar, organic soils and coal have small free spaces (i.e. pores, voids) embedded in the solid together with a presence of a carbon-rich component [4] . This allows the media to be permeable to air and greatly increases its surface area per unit volume, making the organic media reactive by allowing heterogeneous oxidation reactions to take place when oxygen is present [5] . Such reactive porous media have been shown to undergo selfheating [6, 7] . Self-heating is the tendency of certain porous fuels to undergo spontaneous exothermic reactions in oxidative atmospheres at low temperatures [7] . In biomass, this process typically starts by exothermic biological reactions, which can occur at temperatures up to 70°C [8] . The further exothermicity is then dominated by slow exothermic oxidation at low temperatures, but the reaction alone is insufficient to raise the material temperature. The temperature rise is determined by the balance between the rate of heat generation and the rate of heat losses [9] . These exothermic reactions can lead to ignition, leading to smouldering or flaming fires. The more reactive the material, the more prone it is to self-heat. Fire initiated by self-heating ignition is a well-known problem for many porous reactive media, and has been reported and studied for materials such as chemically activated carbon, sawdust, wood, coal, organic soils, biomass and shale [6, [10] [11] [12] [13] . Some work has been carried out on the self-heating ignition properties of biomass utilising themogravimetric analysis (TGA) on a variety of materials such as poplar wood and wheat straw [14] [15] [16] [17] . TGA is very useful for determining kinetics, but is not sufficient to characterise selfheating, as the assumption for TGA measurements is that the sample can be considered 0D. In reality, self-heating requires understanding of the heat distribution in space as self-heating will occur at the centre of a sample. Therefore analysis is required to be able to analyse the bulk behaviour of biomass self-heating ignition. Some of this work is present in literature: Garcia et al. [18] carried out some of these bulk property studies on the self-heating ignition properties of biomass dust, and its propensity to ignite in storage conditions where oxygen is present and the environmental temperature is elevated enough. Jones et al. [19] studied self-heating ignition properties using TGA coupled with basket experiments for a variety of biomass feedstock including olive residue, sugars, and sunflower husks. Some work was also carried out to predict self-heating ignition of biomass by analysing emission products [20] . This work focuses on quantifying the relationship between characteristic material properties of biochar, namely pyrolysis temperature and physical properties of the char, on the tendency of the material to ignite due to self-heating.
Theory

Biochar reactivity
In-depth studies of biomass pyrolysis have been previously carried out in literature to determine the pyrolysis effect on the three major components of biomass: cellulose, hemicellulose and lignin [21, 22] . They showed that at heating rates lower than 100°C/min biomass decomposes first by hemicellulose decomposition, then cellulose decomposition and finally lignin which decomposes more slowly. Moisture evaporation will occur at temperatures below 110°C. For the decomposition, hemicellulose was found to have most of its weight loss in the temperature range between 220°C and 315°C, cellulose in the temperature range between 315°C and 400°C, and lignin as a slower process with only 67% of its weight lost by 850°C [21] .
Biochar is defined as a porous carbonaceous solid produced by the thermochemical conversion of organic materials in the absence of oxygen. Because of its production temperatures above 350°C, lignin is the main component of biochar produced from biomass. Biochar also contains aromatic-aliphatic organic compounds of complex structure which include residual volatiles, and ash. Biochar has a higher carbon density compared to the original biomass feedstock. Finally, there are voids in the biochar structure formed as pores (macro, meso and micropores), cracks and morphologies of cellular biomass origin making biochar a reactive porous structure [23] . This porous structure makes biochar prone to self-heating ignition.
Frank-Kamenetskii theory
The problem in self-heating ignition corresponds to the transient heat conduction equation. There are three main models that can be used in analysing oxidation and self-heating reactions present in this heat transfer problem [24] . The first model is the Semenov model, which describes spontaneously-heating systems by assuming uniform temperature distributions, neglecting consumption of the reactant material and assuming that the chemical reaction follows a one-step Arrhenius temperature dependence. The second model is the Frank-Kamenetskii model, which builds on the Semenov model but incorporates heat conduction through the solid material due to the chemical heat release of the material, therefore does not assume uniform temperature profiles. The third available model is known as the Thomas model and it builds upon the Frank-Kamenetskii model by additionally considering the convective heat loss effects from the surface. All three models assume a single-step global reaction, constant thermal properties of the material, no reactant consumption and no restriction of oxidizer availability [7, 25] . Therefore they only apply to materials for which a global one-step kinetic model provides a reasonable approximation to the actual chemical scheme of the material. The most used model for experimental work in the literature to investigate self-ignition properties of materials is the Frank-Kamenetskii theory of ignition criticality [6, 7, 12, 26] . The reason for this is that a basket heating experimental technique was developed based on this theory which allows the determination of critical ambient temperatures for a given sample size for ignition. The theory can be used to extrapolate data from experimental measurements to predict the expected behaviour of very large stockpile sizes of that same material. The data and the analysis serve to quantify the risks in realistic conditions if the mechanism of heat generation is unchanged when extrapolating the results to larger sizes [7, 26] . These models are very effective when used to predict critical temperature and critical size for ignition, but are not as effective when used to assess the time to ignition, as the models assume steady-state conditions and therefore make the time to ignition harder to quantify. The disadvantage of using Frank-Kamenestkii theory coupled with basket experiments is that it is a very time-intensive method and requires a lot of material, as many experiments have to be carried out. However, Frank-Kamenetskii theory coupled with the oven basket methodology has been shown to give the most robust results for scaling results of laboratory-scale experiments to larger size [7, 26] . Therefore despite it requiring a large time and resource investment, this method was used to obtain robust results that can be utilised to study the widest range of length scales.
To carry out the analysis of experimental results, the Frank-Kamenetskii theory of ignition assumes that the material being studied is reactive and 1D, and that the heat release is from a 1-step exothermic reaction which contains numerous chemical and biological elemental reactions as described earlier. For organic materials such as biomass there are two main sources of heat generation that make up this global 1-step reaction, a chemical process at higher temperatures and a biological process at lower temperatures [27] . The biological process can range from temperatures under 20°C to up to 70°C and is usually caused by growths of psychrophilic, mesophilic and thermophilic micro-organisms [28] . The biological process will have a contributing effect at lower temperatures in raising the biomass temperature. However already from 40°C chemical oxidation will start contributing to the heat generation and as the temperature increases it becomes the dominating heat generation process [28] . This global reaction is also assumed to have a high activation energy so that a steady-state solution exists [7, 26] .
To solve the transient heat conduction equation, Frank-Kamenetskii theory defines a dimensionless parameter δ (Eq. (1)), 
where E is the activation energy of the 1-step global oxidation reaction, k is the effective thermal conductivity of the sample, R the universal gas constant, T a is the ambient temperature, L is the characteristic length of the sample (for a cube basket the side length, and for an infinite slab the thickness), Q is the heat of reaction per fuel mass, and f is the value of the mass action law which relates the concentration of fuel and oxygen at the initial time to reaction rates, and is based on initial concentrations of fuel and oxygen [26] . Expressing the reaction rate as the Arrhenius law for dependence on temperature, the transient heat conduction equation is solved and the following dependence of critical sample size and ambient temperature is obtained, Eq. (2). 
where δ c is the critical value of the dimensionless parameter in Eq. (1) for which ignition occurs, which is a function of the geometrical shape of fuel; and T a c , is the critical (minimum) ambient temperature for which self-ignition occurs. This parameter can be considered analogous to the critical Damköhler number.
A solution to Eq. (2) satisfying the boundary condition at the surface = T T a only exists when the condition ⩽ δ δ c is satisfied. δ c is a function of geometry which has been precisely calculated and can be found in the literature [6, 10, 26] . The experimental work carried out in this paper utilises cubic baskets, which have a critical value = δ 2.52 c [26] . The experimental setup, discussed in the next session, has symmetric boundary conditions, allowing the use of Frank-Kamenetskii theory as presented in this section to model the 3-dimensional physical problem as a 1-dimensional mathematical problem.
In addition to the conditions stated in the derivation of these equations, when carrying out basket experiments with environmental temperatures greater than 100°C the effect of moisture cannot be accounted for as the thermostatically controlled ovens used for measurements are at temperatures greater than the boiling point of water. The effect of moisture content has been studied for biomass combustion [29] . However the effect of moisture content (MC) on self-heating ignition of reactive porous media has been shown to be complex [30] . At low MC an increase in moisture content increases the reactivity of the material, so the tendency for it to self-heat. At higher MC values the reactivity of the material decreases dramatically with moisture content [30] . For self-heating of coal, which has been studied extensively in the past, moisture content affects the type of radical sites formed in the porous material. At low MC, up to approximately 50% MC, the presence of moisture increases the self-heating process [31] . At higher MC and higher conductivity any non-tightly bound moisture, so excess moisture, takes up extra heat and slows down the release of heat from oxidation [31] . However this work will not consider the effect of moisture content as it is not derivable from self-heating basket experiments.
Materials and method
To carry out this experimental work on self-heating ignition of softwood biomass pellets and biochar, a series of biochars were produced in a bench-scale pyrolysis reactor at the UK biochar Research Centre at the University of Edinburgh. The reactor is a rotary-kiln pyrolysis reactor, with pyrolysis temperatures between 350°C and 800°C, following the experimental procedure presented in [32] . The biochars used for this experimental work were produced from a softwood pellet feedstock pyrolysed in a reactor at 350°C, 400°C, 450°C, 550°C, 600°C, 700°C and 800°C. At reactor temperatures below 350°C the product would not be biochar so temperatures below that threshold were not considered. The softwood feedstock are puffin pellets, premium grade, and are made up of a mix of pine and spruce [32] . The mean kiln residence time for the samples was 12 min, and details about the pyrolysis process are found in [32] . The samples are presented in Fig. 1 , and show different physical properties in terms of diameter, average length, and bulk density. A summary of these characteristics is presented in Table 1 . As can be seen in the table the density and diameter of the pellets reduces with increasing pyrolysis temperature as more of the softwood pyrolyses, but for pyrolysis above temperatures of 450°C the bulk density and diameter of the particle does not change as significantly as up to 450°C. This was also seen in Fig. 1 visually as the particles become much darker and smaller. Elemental analysis of the biochars and biomass is presented in Table 2 , where it can be seen that the percentage of mass of the biochar is increasingly carbon with increasing reactor temperature. This agrees with results from literature [33] . Water, ash and carbon in dry ash free basis (Cdaf) for the softwood and its biochar are calculated using the TGA data presented in 4.2. The carbon in dry ash free basis is calculated according to the BSI standard EN 15296:2011 [34] . Results are presented in Table 3 , where it can be seen that for all the biochars, carbon content is above 61%, and biochars produced at reactor temperatures above 700°C are purely carbon apart from water and ash.
The laboratory setup to determine the minimum critical ambient temperature for self-heating T a c , that leads to self-ignition was constructed following a similar procedure to the British Standards EN 15188:2007 and has been previously used in the authors' work [11, 12] . Fig. 2 shows the overall experimental setup, with the three basket sizes filled with softwood feedstock pellets as sample representations of a typical basket setup. The pellets were packed into cubic shaped wire mesh baskets of three different sizes to ensure sufficient data could be measured to assess if the assumption of Arrenhius reactions necessary to adopt Frank-Kamenetskii theory could be applied. As in previous work, cube shaped baskets were selected as it is the shape most easily adaptable to increasing basket size in a rectangular oven without making the larger samples approach the oven walls. The baskets were made of 0.5 mm diameter wire mesh with volumes of 131, 442 and 1049 cm 3 . These basket sizes give us the largest variation in size possible with both the oven size and amount of biochar available for the experiments. These baskets ensure a good range of sizes for the largest possible temperature range given at the laboratory scale, between 90°C and 200°C for these softwood samples. As the basket size increases the critical ignition temperature reduces because the ratio of heat losses to the environment to heat generated by chemical reactions decreases [10] ; therefore, the larger the baskets in the experimental setup, the more accurate the predictions that can be extracted from the results when upscaling to large stockpile sizes. Each basket filled with pellets was placed in the centre of a laboratory oven with forced air circulation to prevent temperature stratification and provide good oxygen supply. The oven was initially preheated to a given uniform ambient temperature T a . In order to limit the influence of the forced flow, a large mesh cage was placed around the sample. The temperature inside the sample was monitored using two thermocouples placed at the centre of the sample 0.5 cm apart. Based on the standard, only one thermocouple is needed, so the second one provides redundancy. Oven temperature was also measured by a thermocouple placed several centimetres away from the basket, inside the mesh cage, in the vertical middle plane of the oven.
In total, 92 experiments were carried out for softwood with 567 h of oven run time. A summary of the experiments carried out is presented in Table 4 . If the softwood failed to reach ignition the experiment was repeated with a fresh sample at a higher temperature. If the softwood reached ignition, then the experiment was repeated with a fresh sample at a lower temperature. The experiments were carried out until T a c , for ignition was located within ± 4°C for each tested biomass. A minimum of two experiments was conducted at each basket size for each softwood sample.
In addition to the basket experiments, thermogravimetric analysis was conducted for each sample to provide information on the reaction kinetics of each sample at the microscale. Furthermore the conductivity of the softwood feedstocks and each biochar produced were measured for a range of temperatures between 65°C and 165°C. This was carried out to provide more data on the physical properties of the samples, so as to be able to extract more data from the self-heating basket experiments.
Results
Basket experiment measurements
Minimum ignition temperature, the lowest oven temperature required for ignition, was found for each basket for each sample type and is shown in Fig. 3 .
As can be noted the lowest ignition temperature occurs for softwood biochar pyrolysed in a reactor at 450°C. As mentioned in Section 2, biomass pyrolysis above 400°C leaves mainly lignin in the biochar [21] . This can explain the increase in reactivity and proneness to self-heating ignition around the temperature of 450°C reactor temperature because most of the cellulose and hemicellulose will have decomposed, leaving behind char and lignin. As reactor temperature further increases then the lignin also begins to decompose and we are left with less reactive carbon in the biochar. However the density and dimensions of the biochar pellets do not have significant changes above this temperature as shown in Table 1 and therefore there is less reactive material in the bulk system and the self-heating tendency decreases. For the explored basket sizes, for reactor temperatures above 600°C the biochar becomes less prone to self-heating than the original softwood feedstock. These results show that the lowest ignition temperature for softwood biochar is not a monotonic function of the reactor temperature. In fact, after a gradual increase in reactivity with softwood produced at reactor temperatures of 350°C and 400°C there is a significant increase in reactivity for reactor temperatures of 450°C, and then again a sharp decrease in reactivity for reactor temperatures above 550°C. This result demonstrates that there is a very narrow range of reactor temperatures which produce softwood char that is far more reactive than any char produced at the rest of the reactor temperatures, and that maximum in reactivity lies at reactor temperature of 450°C.
Plotting the minimum ignition temperature for one basket size (10.16 cm length basket) for all the biochars with respect to the carbon dry free ash allows a comparison of the effect of total carbon content with the critical ignition temperature and is done in Fig. 4 . The results show that the peak at 450°C is not solely caused by the carbon content, as the V shape seen in Fig. 3 is also clearly present in this plot.
Conductivity was measured experimentally using a guarded heat flow meter at various temperatures, and was shown to be linear between 65 and 165°C. The most conductive of the softwood was the feedstock. The lowest thermal conductivity was found to be for softwood produced at reactor temperatures of 450°C. The percentage difference in thermal conductivity between the softwood produced at reactor temperatures of 450°C and the softwood feedstock, so between least and most reactive, was 27%. The lower conductivity of the 450°C biochar helps to further explain why this particular softwood biochar is most prone to self-heating, as the material acts as a good insulator, preserving the heat produced from the exothermic reactions within the centre of the sample and reducing the amount of cooling to the ambient. The summary of the conductivity measurements is presented in Table 5 .
To use Frank-Kamenetskii theory of criticality to extract a one-step kinetic model and thermal parameters from the basket experiments the data was used to make a δ T L ln( / ) c a c , 2 vs T 1/ a c , plot (Fig. 5 ). In this plot, the slope of the straight line corresponds to −E R / . If the plot of δ T ln( Ł ) c a c , 2)) is a straight line, it validates the Frank-Kamenetskii theory. As seen in Table 6 ,
for all tested softwood samples, confirming the linearity of the slopes and therefore the validity of the Frank-Kamenetskii theory and 1-step global reactions assumption. Taking slopes in Fig. 5 gives the effective activation energies for the biomass. The y-intercept of these lines allows the Rk . As can be seen in Fig. 5 , 5 of the 8 softwoods tested have similar slopes and ignition behaviour, namely feedstock and softwood produced at temperatures of 350°C, 400°C, 600°C and 700°C.
The thermal conductivity values of the softwood produced at the various reactor temperatures is one of the required physical parameters in this equation. Conductivity values were used for a temperature of 115°C to ensure moisture effects were not encountered, as the selfheating experiments were carried out above 100°C, but so that the value was in the range of experimental measurements carried out in the basket experiments. The values were therefore taken from Table 5 at 115°C. By using these thermal conductivities and the value of the universal gas constant R, one can isolate the Qf ( ), which is effectively a pre-exponential factor.
The results can therefore isolate all the thermal and kinetic parameters and a summary of all of these parameters is presented in Table 6 , with R 2 calculated from the linear fit for each line. The error bounds are calculated using the fits that would give the highest and the lowest possible effective activation energy from the experimental data obtained (largest possible errors). The linear fits all have > R 0.975 2 , validating the Arrhenius reaction assumption.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out in air with a heating rate of 10 K/min for all the softwood feedstock and biochar samples. The heating rate was chosen to have slow heating and therefore avoid thermal effects influencing experimental results. The reason for carrying out these measurements was to compare oxidative reactivity in microscale experiments so as to be able to have a link between the bulk scale experiments presented in this work and kinetics. Fig. 6 shows thermogravimetric analysis in air of the different softwood biomasses and biochar measured in this work. All the samples display an initial reduction in mass due to drying of the softwood around 100°C, then a large reduction in mass between 200°C and 400°C for the softwood feedstock, a less pronounced reduction in the same temperature range for biochar produced at pyrolysis temperatures of 350°C and 400°C, and then insignificant mass loss in the same temperature range for the biochar produced above 450°C. This conforms to the theory section, where the hemicellulose and cellulose for biochars produced in a pyrolysis reactor above 450°C are already reduced to a minimum and therefore the sample is made up of mostly lignin at this stage. All samples then present a steady mass loss above 400°C. This can be further confirmed when analysing the mass loss rate of the samples calculated from the TGA of the biomasses several interesting trends can be clearly identified as seen in Fig. 7 . Biochars produced above 450°C all show reaction peaks at the same temperatures, with the only difference being the size of these mass loss peaks: the peak size decreases with increasing biochar pyrolysis temperature, and this can be explained by the fact that at high pyrolysis temperatures (600°C and above) a lot of the lignin has pyrolysed [21] , and we have less carbon present for oxidation reactions to take place. The characteristic temperatures where these mass losses occur are reported in Table 7 , where it can be seen that for all the biochar apart from 350°C the characteristic temperatures for mass loss and end of combustion increase with increasing pyrolysis temperature. When softwood is pyrolysed at very high temperatures, above 700°C, the TGA curve does not plateau for the duration of the analysis.
Comparison to different biomass and biochar sources
Torrified biomass and biochar can be produced at a variety of pyrolysis reactor temperatures from a variety of fuels. Section 4.1, has already shown that the pyrolysis reactor temperature is an important parameter when studying how prone softwood biochar is to self-heating ignition. However it has been shown in literature that the physiochemical properties of the products of pyrolysis reactors are not only dependent on reactor temperature, but also the starting organic material [35] . There is no current literature on the effect of torrefaction of biomass on self-heating ignition, and how that effect will change depending on the original feedstock material. We therefore additionally study the behavior of wheat pellets and rice husk feedstock and biochar produced at reactor temperatures of 450°C, 550°C and 700°C to quantify the function of reactor temperature to propensity to self-heat for each of these starting organic materials and therefore compare the propensity of self-heating of the biomass and biochars produced from these different organic materials.
Material from varying feedstock
The biochars were produced from a wheat pellet feedstock, and rice husk feedstock pyrolysed in the same rotary kiln reactor used for the softwood [32] , at 450°C, 550°C and 700°C. The samples used in the experiments are presented in Fig. 8, and show different physical properties in terms of diameter, average length and bulk density of each. A summary of these characteristics is presented in Table 8 where the length range of pellets is presented in parenthesis. The rice husk samples were significantly smaller than the wheat pellets. Elemental analysis was carried out for all of the biochars and biomass feedstock to compare the CHN composition of each and is presented in Table 9 . For wheat, the amount of carbon present in the char increases with increasing reactor temperature similarly to the results from softwood, which agrees with results in literature [33, 36] . For rice husks, the amount of carbon decreases above the reactor temperature of 450°C as more of the rice husk converts into oil, in agreement with what has been shown before in literature [37, 38] . Both of these materials present less carbon than the softwood samples. Water, ash and Carbon in dry ash free basis (Cdaf) for the biomass and biochars are calculated using (Table 6 ).
Table 6
Effective activation energy E, pre-exponential factor Qf, conductivity k extracted from Frank-Kamenestkii plot (Fig. 7 ) calculated using Eq. (2). The R 2 values of the linear fits used to calculate these is included. the TGA data presented in 5.3 like for the softwood data. Results are presented in Table 10 , where it can be seen that for rice husk the amount of Cdaf is significantly higher than the total carbon found in the elemental analysis, due to the high amount of ash produced in rice husk combustion. Furthermore, biochars pyrolysed at temperatures above 700°C are purely carbon (apart from water and ash) for wheat (like for softwood previously), but not for rice husk.
Like for the softwood sample, the minimum critical ambient temperature for self-heating T a c , was determined experimentally. 82 experiments were carried out, with a summary of the experiments carried out presented in Table 11 . In the same manner as for softwood, thermal conductivity properties were determined using a guarded heat flow meter for temperatures of 65°C, 115°C and 165°C. Finally, to provide information on the reaction kinetics at the microscale of each pyrolysed biomass from the different feedstock sources, thermogravimetric analysis was conducted for each sample.
Basket experiments results for different biomass feedstock
For all the sample types, the minimum ignition temperature required for ignition was found for all three basket sizes. Fig. 9 shows the results of the basket experiments for the samples produced from wheat feedstock. As can be noted the lowest ignition temperature occurs for wheat biochar produced at a reactor temperature of 450°C, like for the softwood samples in 4.1. Wheat biochar produced at reactor temperature of 550°C is still more prone to self-heating ignition than the wheat feedstock, like for the biochar produced at reactor temperature of 700°C which is less prone to self-heating ignition than the other biochars but still more than the feedstock.
Similarly, Fig. 10 shows the results of the basket experiments for the samples produced from rice husk feedstock. The lowest ignition temperature occurs for rice biochar produced at a reactor temperature of 450°C, like for both the softwood and the wheat samples. Rice biochar produced at a reactor temperature of 550°C is less prone to self-heating ignition than the rice feedstock, which is a different behaviour with respect to the wheat and softwood equivalents. The biochar produced at reactor temperature of 700°C is the least prone to self-heating. The rice products are generally less prone to self-heating, resulting in higher minimum ignition temperatures for same sized boxes and same reactor temperatures when compared to both the softwood and wheat products. For the 10.16 cm length cube box, the difference in ignition temperature for the rice and softwood biochar produced at 450°C is over 40°C, making the self-heating ignition behaviour of the biochar produced from different biomass materials significantly different.
Plotting the minimum ignition temperature for one basket size (10.16 cm length basket) for all the biochars with respect to the carbon dry free ash allows a comparison of the effect of total carbon content with the critical ignition temperature. This has already been done for the softwood in Section 4.1, and is done for wheat in Fig. 11 and rice husk in Fig. 12 . The results for wheat show that the peak at 450°C is not solely caused by the carbon content, as the V shape seen in Fig. 9 is also clearly present in this plot, and behaves very similarly to the softwood. The rice husks have a slightly different behaviour, as the caron content of rice husk produced at pyrolysis temperatures of 550°C has a higher carbon dry ash free content than the one produced at 700°C, causing the shape not to follow the same V shape as the previous two materials. However the trend of a local minimum at 450°C production temperature is still found for rice husk.
Conductivity was measured experimentally using the guarded heat flow meter method at various temperatures, and was shown to be linear within our measured temperature range between 65 and 165°C for all biomass products, irrespective of the biomass used. A summary of the conductivity measurements is presented in Table 12 . Some patterns were found in the conductivity properties: like seen earlier in softwood, for wheat the most conductive of material was the feedstock, with the biochar produced at 450°C the least conductive and biochars produced at higher reactor temperatures increasing in thermal conductivity, but staying below the thermal conductivity of the feedstock. Between wheat and softwood, wheat is slightly more conductive. The fact that the biochar was produced at 450°C contributes to why the biochar produced at this temperature is the most prone to ignite, as the exothermic reactions at the core of the sample cannot be as effectively cooled by the ambient temperature due to the fact that the surrounding biochar acts as a good insulator. On the other hand, for rice husk the thermal conductivity behaviour observed from the experiments is different, as the least conductive of the samples is the rice feedstock, with increasing thermal conductivity with respect to increasing reactor temperature. Using the experimental results from the basket experiments and the Frank-Kamenetskii theory of criticality we extract a one-step kinetic model and thermal parameters by plotting δ T L ln( / ) c a c , 2 vs T 1/ a c , like done for softwood, and the results are shown in Fig. 13 for wheat and Fig. 14 for rice . A few observations from these plots, compared to the previous results for softwood, are that for both softwood, wheat, and rice husks the characteristics of the slopes of the feedstock and biochar produced at reactor temperatures of 700°C are quite similar. Using the thermal conductivity data presented in Table 12 , we then isolate all the thermal and kinetic parameters and a summary of all of these parameters is presented in Table 13 , with R 2 calculated from the linear fit for each line. The error bounds are calculated using the fits that would give the highest and the lowest possible effective activation energy from the experimental data obtained (largest possible errors).
Thermogravimetric analysis from various feedstock
Like for softwood, to link these bulk scale self-heating basket experiments to the oxidative reactivity carried out in microscale experiments, TGA was carried out in air with a heating rate of 10 K/min for all the feedstock and biochar samples. Fig. 15 shows the results of the mass loss found in each sample from TGA. All the samples display an initial reduction in mass due to drying of the sample around 100°C, then a Fig. 9 . Minimum ignition temperature for wheat feedstock and biochar produced at 450°C, 550°C, and 700°C for three basket sizes. Experimental error is estimated based on temperature error bounds on each individual set of experiments. Fig. 10 . Minimum ignition temperature for rice husk feedstock and biochar produced at 450°C, 550°C, and 700°C for three basket sizes. Experimental error is estimated based on temperature error bounds on each individual set of experiments. Fig. 11 . Minimum ignition temperature for wheat feedstock and biochar between 450°C and 700°C for a fixed basket size plotted vs carbon dry ash free. large reduction in mass between 200°C and 400°C. Mass loss continues until 600°C for all the samples. Differences can be seen in the mass loss of the different materials: rice husk has a significantly higher residue than wheat (and softwood results from previous section). For rice husk feedstock the residue is just over 20% of the initial mass, while for wheat feedstock around 5%. This significant difference in residue is also found for the biochars, where for rice biochars the residue mass ranges from 40% to 50% of the original mass, compared to wheat biochar which has around 20% residue mass and softwood biochar from previous section which was found to have negligible residue.The characteristic temperatures where these mass losses occur are reported in Table 14 , where it can be seen that for all the materials both the first and second characteristic temperature increase with increasing pyrolysis temperature.
Analysing the mass loss rate (MLR) of the samples calculated from the TGA of the biomasses, several trends can be clearly identified and are presented in Fig. 16 . Both feedstocks present two peaks around 350°C and 450°C the first corresponding to a large loss of hemicellulose and cellulose, the second to a loss of lignin [21] . The biochars do not present these two peaks, as they are all produced at reactor temperatures above 450°C, therefore past the decomposition of the hemicellulose and cellulose. Therefore one peak is seen, decomposition of the lignin [21] . This is the same as found for softwood in Section 4.2.
For the rice husk all biochars show peaks of mass loss rates at the same temperature, around 550°C, and of the same magnitude. The wheat biochar shows similarly sized peaks but at a slightly lower temperature just above 400°C. For all the biochars, the magnitude of the MLR tends to decrease with increasing biochar pyrolysis temperature, and this can be explained by the fact that at high pyrolysis temperatures (600°C and above) a lot of the lignin has already pyrolysed [21] , and we have less carbon present for oxidation reactions to take place.
Upscaling of results
The results presented in this work can be used together with Frank-Kamenetskii theory to upscale the laboratory results to large biomass and biochar stockpiles of cubic size. Some examples of such systems are standard domestic biomass storage units (10 m 3 ) or open top container trucks (30 m 3 ) for transport. The upscaled results are presented in Fig. 17 for a temperature range from −10°C to 40°C for softwood feedstock and softwood biochar produced at pyrolysis reactor temperatures between 350°C and 800°C. The temperature range of upscaling was chosen to span the range of ambient temperatures expected in power plants. Some significant results from this figure are that softwood biochar pellets produced at 450°C of the dimensions of even a standard domestic biomass storage unit (2.2 m cube height) will ignite from self-heating at ambient temperatures as low as 20°C. On the other hand biochar produced at high pyrolysis reactor temperatures like 800°C would not ignite from self-heating in containers of the same size even for temperatures of 70°C. Softwood feedstock is similarly safe for handling when stored in spaces smaller than 8000 m 3 for temperatures below 40°C. This shows that for biochar transport storage and handling the production mechanism is very important, as there is large variation (Table 13 ). (Table 13 ). in the biochar's propensity to self-ignite. As shown experimentally softwood biochar produced at 450°C is the most prone to self-heating ignition, even for relatively modest storage sizes of (10 m 3 ), and therefore particular care must be taken when transporting and storing said softwood. The upscaling requires oxidizer to be present for the reactions to take place, but in the example of domestic storage or opentop truck transport, oxygen is readily available. When upscaling results for the wheat biochar, shown in Fig. 18 , we . 19) shows that for all analysed samples, i.e. rice husk feedstock and biochar produced at reactor temperatures of 450°C, 550°C and 700°C the required size for self-heating ignition is well above the threshold of both domestic size storage units and open top containers in the temperature range between −10°C and 40°C, meaning these samples are less prone to self-heating ignition in these typical environmental conditions and sizes with respect to both the softwood and wheat biomass and biochars.
Discussion
In this paper, bench-scale experiments were conducted to determine the effect of pyrolysis reactor temperature used in the production of biochar on the propensity to ignite for self-heating for that given material. Softwood was pyrolised at seven different pyrolysis reactor temperatures and basket experiments, thermogravimetric analysis and physical parameter measurements were carried out for each biochar product as well as the original softwood feedstock. Self-heating basket experiments quantified the ignition temperature for 3 given critical volumes for self-ignition criteria for the biochars. The results show that the reactivity of the softwood is not a monotonic function of pyrolysis reactor temperature. In fact, results show that biochar produced at a reactor temperature of 450°C is the most prone to self-heating, and that the reactivity of the softwood increases with reactor temperature up to 450°C but then significantly decreases, and for reactor temperatures above 550°C, the softwood is less reactive than the feedstock. Using the Frank-Kamenetskii theory to extract thermal and kinetic parameters, effective activation energies with pre-exponential factors were determined for each biochar sample and were summarised in Table 6 . Results showed that for reactor temperatures above 600°C the biochar was less prone to self-heating than the original softwood feedstock. Thermal conductivity measurements of the different biochars also show that the least conductive of the softwoods is the one produced at reactor temperature of 450°C, which can contribute to the increased proneness to self-heating ignition as the biochar acts as a more efficient insulator compared to the other biochars tested, while the feedstock softwood being the most conductive.
However different feedstock sources showed different proneness to self-heating ignition. By additionally testing wheat pellets and rice husks feedstock and respective biochars produced at three pyrolysis temperatures we showed from the experimental laboratory bench-scale studies that the material most prone to self-heating ignition was softwood, but softwood and wheat showed very similar characteristics. The rice husk was shown to be overall less prone to self-heating ignition, with an upscaling analysis showing that at typical temperature ranges found in areas like power plant storage the required pile size of rice husk or one of its biochar products is well above what is found in standard domestic storage or open-top transport containers. In total, 173 experiments were carried out with 1036 h of oven run time for studying all three types of feedstock.
The different biochars present in this work have different physical properties, as reported in Tables 2, 3 , 5, 9, 10, and 12. Therefore it is hard to quantify the overall effect of devolitization, porosity of the char and condensed volatiles individually on the effect of self-heating ignition. Work by Masek et al. [32] aims to quantify char yield, and volatile matter content with different pyrolysis temperatures, and finds that increasing pyrolysis temperature reduces volatile matter content in the biochars. However to the authors' knowledge effect of pore size has not yet been explored, and could be relevant for future work.
The bench-scale experiments were extended to large-scale systems to compare to real storage and transport sizes using the experimentally measured effective activation energies and thermal parameters. This shows that both wheat and softwood biochar produced at pyrolysis reactor temperatures of 450°C are prone to self-heating ignition at ambient temperatures as low as 16°C and 20°C respectively, for dimensions as small as domestic biomass storage sizes, making it a fire hazard. This paper is the first in-depth experimental quantification of self-heating ignition of biomass and biochar as a function of pyrolysis reactor temperature used for production and feedstock origin, giving kinetic and thermal parameters that can be used to calculate safe sizes for transport and storage of biomass and biochars. The work shows that it is very important to know at what conditions biochar is produced as its proneness to self-heating ignition varies dramatically with biochar production temperature and can vary based on feedstock material.
Conclusions
Softwood pyrolised at seven different pyrolysis reactor temperatures was used in basket experiments, thermogravimetric analysis and physical parameter measurements including thermal conductivites to Fig. 18 . Upscaled results of cubic wheat biomass and biochar piles required for self-ignition at ambient temperature between −10°C and 40°C based on the thermal and kinetic parameters found in self-heating basket experiments (Table 13 ). Fig. 19 . Upscaled results of cubic rice husk biomass and biochar piles required for self-ignition for ambient temperature between −10°C and 40°C based on the thermal and kinetic parameters found in self-heating basket experiments (Table 13 ).
quantify for the first time in literature how self-heating ignition and pyrolysis reactor temperature are related. The results show that the reactivity of the softwood is not a monotonic function of pyrolysis reactor temperature, with a peak in reactivity for biochar produced at a reactor temperature of 450°C, and a sharp decrease in reactivity for biochar produced at temperatures over 100°C away from 450°C. Wheat and rice husk biomass and biochars were also tested to compare different source feedstock effects on self-heating ignition properties. This paper quantifies kinetic and thermal parameters that can be used to calculate safe sizes for transport and storage of different biomass and biochars.
